The generation of femtosecond pulses tunable from 1 µm to 3 µm is demonstrated with a single set of cavity mirrors for an optical parametric oscillator that is synchronously pumped by using a mode-locked Ti:sapphire laser. The output coupling of the intra-cavity pulses was done by inserting a BK7 window in the cavity, and a periodically-poled MgO-doped lithium niobate crystal was used for quasi-phase matching. The signal branch is tunable from 1 µm to 1.6 µm while the idler beam can be tuned in the range from 1.6 µm to 3.0 µm. The dependencies of the signal and the ilder tunings on the pump wavelength and the cavity length adjustments are discussed, and the spectrum and the pulse width measurements are described.
I. INTRODUCTION
The nonlinear optical process of the parametric down conversion is finding applications in generating picosecond or femtosecond pulses tunable over wide spectral ranges [1] . While the optical parametric amplifier (OPA) system can easily generate pulses with quite a wide wavelength range during the single-pass amplifying process [2, 3] , it requires a high-power amplifier laser system and suffers from power fluctuations, which make the OPA not suitable for time-resolved measurements of dynamical carrier or lattice processes in the low-power region with weak perturbation from the equilibrium state. On the other hand, an optical parametric oscillator (OPO) synchronously pumped by using a femtosecond dye or Ti:sapphire laser have such merits as high-repetition rate extending to GHz, good beam quality, and stability, but the tuning range is limited further by the coating range of the cavity mirrors constituting the oscillator [4] [5] [6] [7] .
General femtoseocnd OPO system includes such components as a nonlinear gain medium, several highreflecting mirrors, an output coupling mirror, and dispersion managing prisms.
The system using a bulk nonlinear medium, such as KTP (KTiOPO 4 ), BBO (β-BaB 2 O 4 ), or LBO (LiB 3 O 5 ), utilizes the con- * E-mail: kyee@cnu.ac.kr; Fax: +82-42-822-8011 ventional birefringent phase-matching condition [6] or the quasi-phase matching (QPM) technique such as PPLN (periodically-poled lithium niobate), PPKTP (periodically-poled KTP), is more popularly applied nowadays [8] [9] [10] . In the QPM method, the phase mismatch among parametric beams generated at different positions occurring due to dispersion in the pumping beam is relaxed by periodically poling the polarization direction of the nonlinear crystal [11, 12] . By periodically polling the crystal, one can access the nonlinear optical coefficients that are forbidden through birefrigent phase matching and can artificially engineer the phase matching condition by adjusting the poling period in the fabrication process.
Recently, generation of femtosecond pulses in the nearand the mid-infrared and in the visible range has been reported from OPO systems that are synchronously pumped by using mode-locked Ti:sapphire lasers. Due to difficulties in high-quality mirror coatings in the broad spectral range, especially for the output coupling mirror, several mirror sets coated at different wavelengths are generally used to get the full tuning range attainable from the phase-matching condition [13] , where directional beam alignment and cavity length adjustment for synchronous pumping have to be fulfilled during mirror replacements.
In this paper, we report on a MgO-doped PPLN based OPO system generating femtosecond pulses tunable in the wavelength range from 1.0 µm to 3.0 µm with a single set of cavity mirrors. The crystal was synchronously pumped by using a mode-locked Ti:sapphire laser tunable from 750 nm to 850 nm with a repetition rate of 89 MHz. The intra-cavity oscillation of the signal beam in the range of 1.0 µm -1.6 µm was obtained with a broadband (1.0 -1.6 µm) coating for the high reflecting mirrors, with the output coupling being accomplished by inserting a BK7 transparent window inside the oscillator.
II. EXPERIMENTS
The parametric medium used in this study is PPLN made of MgO-doped stoichiometric lithium niobate with a doping concentration of 1.3 mol% (Oxide Corporation), where the MgO doping enables OPO operation at room temperature by reducing the photorefractive effect, because of which crystal heating to around 100
• C is necessary for an undoped PPLN crystal [14] . The crystal has multiple gratings with 7 different poling periods from 20.5 to 21.1 µm in steps of 0.1 µm, and the crystal was 0.5 mm thick along the beam propagation direction, considering the temporal walk-off between the pump and the signal beams due to the large spectral dispersion. To reduce the reflection losses, the crystal faces are antireflection coated at both the pump (780 -850 nm) and the signal (1.0 -1.5 µm) wavelengths.
A schematic for the ring-type cavity of the OPO system is shown in Fig. 1 . By using a plano-convex lens with a 150 mm focal length, we use femtosecond pulses from a Ti:sapphire laser to pump the crystal non-collinearly with an internal deviation angle of 1.1
• relative to the signal path. Though the spatial overlap between the pump and the signal beams is not as good as the collinear pumping, the idler beam pick-off is easy, and the pumping can be done without passing the cavity mirror M 1 for the non-collinear pump geometry. The folding mirrors M1 and M2 with radii of curvature of 150 mm and the flat mirrors M3 and M4 are high reflection coated at the signal wavelengths such that they have reflectivities (R) larger than 99.8% and small negative group velocity dispersions (GVD), for the wavelength range of 1.0 -1.6 µm. A sequence of four SF11 prisms is inserted to obtain ultrashort pulses with compensating for intra-cavity dispersions. For the linear-cavity configuration, the signal beam passes the crystal twice in one round-trip, and it suffers from the inevitable parametric losses, such as up-conversion or second harmonic generation, when the signal passes the crystal in a direction opposite to that of the pump beam. To obtain high throughput efficiency while minimizing parametric losses, we have adopted the ring-type cavity configuration as depicted in Fig. 1 .
In general, output coupling of the signal beam is done using partial reflection mirrors for one of the flat mirrors (M3 or M4). However, it is not easy to coat the dielectric mirror with uniform reflectivity over a broad spectral range, and the out-coupling ratio is fixed by the coating parameters. In this study, we have inserted a BK7 window with a thickness of 6 mm in the optical path of the signal beam without using a partial reflective mirror [14] . As the incident angle is changed, the reflectivity also changes such that it is 0% for the Brewster angle and about 4% for normal incidence at one side, and the reflectivity is uniform over a very wide spectral range. The window has an anti-reflection coating at signal wavelengths for one side. The ring-type cavity configuration makes it possible for a BK7 window to be used as an output coupler with the output signal going in one direction, and the beam being output coupled in both directions for a linear-type cavity configuration. Thus, the combination of a BK7 window output coupling and a ring-cavity configuration enables controllable and wideband output coupling in a cheap manner.
For the optical parametric down conversion, the pump photons are split into signal and idler photons. While the signal photons are oscillating inside the cavity, the idler beam escapes from the cavity for the non-collinear pumping geometry with such an angle that the pump photon's momentum is transferred to signal and idler photons, as depicted in the inset of Fig. 1 . With putting a spherical metallic mirror in the proper position, a collimated pickoff of the idler beam is possible to be used for further spectral and temporal measurements.
III. RESULTS AND DISCUSSION
The phase-matching condition for the pump photon (ω p ) to be parametrically converted to a signal (ω s ) and idler photon (ω i ) is determined by momentum and energy conservation, where the wave vector mismatch is compensated for by the QPM grating vector. The optimal phase-matching condition of the signal and the idler wavelengths as a function of the pump wavelength is shown as a solid line in Fig. 2 for a poling period (Λ) of 20.6 µm in the MgO-doped PPLN crystal. By changing the pump wavelength from 775 nm to 805 nm, we measured the signal and the idler wavelengths for a grating period of 20.6 µm. Though the output power and gain are the largest at optimal conditions, the signal and the idler beam oscillations at slightly different wavelengths with less gain are also possible if the pumping power is enough to overcome the reduced gain. Thus, the signal wavelength can have a certain bandwidth at a fixed poling period and pump wavelength, and the signal wavelength can be tuned by slightly adjusting the OPO cavity length from the extra condition of the syn- chronous pumping, where the optical path length for the crystal differs with the signal wavelength because of the group velocity dispersion.
The circle scatters in Fig. 2 are the wavelengths of the signal output (empty) and idler output (filled) while changing the pump wavelength in steps of 2 nm. If the cavity length is changed, signal and idler wavelength tuning is possible, with a bandwidth of around 200 nm for the signal and about 500 nm for the idler. The experimental results for the output wavelengths as a function of the pumping wavelength are consistent with the theoretical prediction from the phase-matching condition, where the refractive index coefficients in the Sellmeier equation were interpolated from the coefficients for a 5% MgO-doped PPLN [15] .
The spectrum of the signal pulse was measured by using a cooled InGaAs array spectrometer (BTC 261, BWTek), and that for idler beam was measured by using a monochromator equipped with a 300-gr/mm grating blazed at 2.0 µm and a TEC cooled PbSe photodiode with the operating wavelength range from 1.0 µm to 4.5 µm. Fig. 3 shows the tuning characteristics of the signal and the idler pulses for different pump wavelength. Figs. 3(a) and 3(b) show the output powers of the signal and the idler, respectively, as a function of the wavelength, for several pumping wavelengths of 781 nm, 787 nm, 793 nm, and 801 nm. At a fixed pumping wavelength, the wavelength tuning was done by adjusting the cavity length. The spectrum and the pulse duration for signal pulses are described in a previous report [14] . Fig. 3(c) shows a representative output spectrum of the idler pulses, demonstrating the center wavelength tunability from 1.6 µm to 3.0 µm. While the output power differs from the signal or the idler wavelength due to wavelength-dependent losses, such as water vapor absorption lines around 1.4 µm, the maximum outputs of the signal and the idler pulses reach 240 mW and 140 mW, respectively.
To study the pulse durations of the idler pulses, we obtained an autocorrelation by measuring the two photon absorption (TPA) for InGaAs [16] . We could find that the idler pulse durations ranged from 140 fs to 190 fs FWHM (full width at half maximum), depending on the idler wavelength. Fig. 4(a) shows the case for the shortest obtained pulses with a 140-fs FWHM measured at a idler wavelength of 1.83 µm, and Fig. 4(b) shows a temporal pulse profile with a 170 fs FWHM, which was the case for the longest center wavelength of 2.98 µm. We note that the time-bandwidth product (∆ν∆τ ) for the two cases are 0.505 (1.83 µm) and 0.484 (2.98 µm), respectively, which are around 160% larger than the case for the transformed-limited sech 2 pulses with ∆ν∆τ = 0.315 here the pulse broadening is coming from the group velocity dispersion and can be compensated for by using an extra-cavity prism or grating pairs [17] .
IV. CONCLUSION
We have demonstrated a synchronously-pumped optical parametric oscillator based on periodically-poled MgO-doped lithium niobate. By using a BK7 window instead of the common partial reflecting mirror for output coupling purposes, in combination with the ring-type cavity configuration, we were able to tune the signal branch from 1.0 µm to 1.6 µm, and the idler part from 1.6 µm to 3.0 µm. The wavelength tuning of the signal and the idler pulses as a function of the pump wavelength was in good agreement with the theoretical prediction from the quasi-phase matching condition. The average signal and idler output powers were around 200 mW and 100 mW, respectively, for a pumping intensity of 1 W from a Ti:sapphire oscillator, and the idler pulse width was found to be around 150 fs from TPA measurements in a cross-correlation geometry.
